s SHEAR WALLS ARE DEEP,relatively thin, vertically cantilevered reinforced concrete beams. They are commonly used in structures to resist the effects of gravity loads and story shears due to wind or earthquake forces.
The results of the PCA experimental investigations are summarized in an Ap endix. Thirteen cl' rectangular shear walls were teste under combinations of lateral and axial loads. One of the specimens was subiected to ten cycles of load reversals. Keywords s SHEAR WALLS ARE DEEP,relatively thin, vertically cantilevered reinforced concrete beams. They are commonly used in structures to resist the effects of gravity loads and story shears due to wind or earthquake forces.
This paper summarizes background material for Section 11.16, Special Provisions for Walls, of the 1971 ACI Building Code.l The provisions are intended to ensure adequate shear strength. However, other considerations such as f lexural strength, energy absorption, lateral stiffness and reinforcement details are equally important to obtain satisfactory structural performance.
There has been relatively little research on the strength and behavior of shear walls. Investigators in Japan2-4have been concerned primarily with the strength of low-rise shear walls surrounded by a reinforced concrete or steel frame and subjected to load reversals.
Japanese shear wall design provisions are described in the Standards for Calculation of Reinforced Concrete Structures. 6 They are based on the philosophy that the entire shear force is to be carried by reinforcement, when a certain limiting concrete shear stress is exceeded.
In the early 1950's, Benjamin and Williams,o-g at the University of Stanford, conducted extensive static tests on low-rise shear walls surrounded by a reinforced concrete frame. Their proposed design equations had limited practical use due to restrictions in their applicability. An extension of this investigation, dealing with dynamic loads, was conducted by Antebi, Utku and Hansen10 at the Massachusetts Institute of Technology. Dynamic loads simulated were those due to, blast from atomic weapons rather than earthquakes.
Prior to publication of ACI 318-71,1 the only provisions for design of shear walls in the United States were those contained in Uniform Buildihg Code?l Fig, 1 shows a graphical representation of the provisions for shear walls in Uniform Building Code, Depending on the height-to-depth ratio of the wall, h,,,/lu,, the nominal total design shear stress, v,,, is assumed to be resisted either only by the concrete, or by the concrete and the horizontal reinforcement.
The nominal permissible shear stress carried by the concrete, v,, on shear walls with low hw/2w ratios is assumed similar to that in deep beams. It is taken as the straight-line lower bound of results of shear tests on deep beams without web reinforcement reported by dePaiva and Siess.lz This shear stress is limited to 5.4+~~for walls with hJlw ratios of 1.0 or less. For hw/ lw ratios of 2,7 or more, v, is taken equal to 2+V~, the value recommended for reinforced concrete beams in ACI 318-63,13
Shear stress carried by the reinforcement is based on results of shear tests on beams containing web reinforcement reported by Slater, Lord and Zipprodt~Aas well as those reported by dePaiva and Siess.12Based on these tests, it is assumed that vertical or horizontal web reinforcement in shear walls with hw/l,. ratios of 1.0 or less does not appreciably increase the value of v,, above that of Vcattributed to the concrete. Consequently, their total shear stress is limited to 5,4+~, Shear walls with h,,llw ratios of 2,0 or more are considered to behave as beams; Total design shear stress for these walls is taken equal to 10+ V7, as recommended in A~I 318-63,1'
While the UBC provisions represented an advancement in design, additional work, including that by Crist,15Leonhardt and Walther,lQCardenas and Magura17and Cardenas, has led to separate provisions for deep beams and shear walls in Chapter 11 of ACI 318-71.1These provisions recognize that there are important differences between deep beams and shear walls. First, deep beams are usually loaded through the extreme fibers in compression. Under these conditions, shear carried by the concrete in a member without web reinforcement is greater than the shear causing diagonal tension cracking. Shear walls, however, are deep members loaded through stubs or diaphragms. This type of member, if it does not contain web reinforcement, may fail at a shear equal to or only slightly greater than the shear causing diagonal cracking.l* Second, deep beams are not usually subjected to axial loads, whereas the consideration of axial compression or tension may be important in shear walls.
Recognizing the limitations of the existing information on the strength of shear walls, the Portland Cement Association started an experimental investigation in 1968.The highlights of this investigation are described in the Appendix.
DEVELOPMENT

Flexural strength
OF DESIGN PROVISIONS
The experimental investigation demonstrated the importance of considering the flexural strength of a shear wall. In many designs of shear walls in high-rise buildings, use of the minimum amount of horizontal shear reinforcement required by the provisions of Section 11,16 of ACI 318-71,1 0.0025times the concrete area, will be adequate to develop the flexural strength of the wall.
Using assumptions that are in accord with those in Secti,on 10.2of AC!I 318-71,the f Iexural strength of rectangular shear walls containing uniformly distributed vertical reinforcement and subjected to combined axial load, bending and shear, can be calculated as: 17 = total area of vertical reinforcement at section, sq in. f.
= specified yield strength of vertical reinforcement, psi L = horizontal length of shear wall, in. Based on results of the PCA investigation, Eq. (2) is in good agreement with the more rigorous Eq, (1). In the case of a rather Iarge axiaI compression, a = 0.25, the greatest difference is about 5 percent. Accordingly, the use of the simplified Eq. (2) appears adequate for practical design.
Shear strength
The distribution of lateral loads on shear walls varies with their height.lo-zo For example, under a lateral wind loading, this distribution may vary from nearly uniform on a wall in a tall building to a single concentrated force on a wall in a low building, Differences in lateral load distribution, geometry, and wall proportions lead to conditions that may make shear strength the controlling criterion in the design of low-rise shear walls.
As pointed out in the report of ACI-ASCE Committee 326(426), Shear and Diagonal Tension,21 American design practice is based on the premise that shear capacity of concrete beams is made up of two parts. One part is the shear carried by concrete, and the other part is the shear carried by web reinforcement. Furthermore, these two parts are considered to be independent, so that web reinforcement is required only for that portion of the total shear that exceeds the limit of the shear carried by the concrete.
With the adoption of ACI 318-63, an additional premise became inherent in the shear design provisions. This premise is that the shear carried by the concrete is equal to the shear causing significant inclined cracking. This last assumption underscores the importance of the cracking shear. It is generally 'recognized that inclined cracking in concrete beams is of two types. In recent years, these types of cracks have been described as either "web-shear" or "flexure-shear," The way in which these cracks develop in reinforced and prestressed concrete beams has been described in detail elsewhere.22,23
The provisions of ACI 318-71 use Eq. (11-4) for computing the shear causing flexure-shear cracking in a reinforced concrete member. The limiting value of 3.5~~for Eq. (11-4) serves as a measure of the shear causing web-shear cracking. In prestressed concrete beams, the shear causing flexure-shear or web-shear cracking is computed from Eq, (11-11) or (11-12), respectively. Eq. (11-12) predicts web-shear cracking as the shear stress causing a principal tensile stress of approximately 4 V j: at the centroidal axis of the cross-section. Eq. (11-11) as originally deveIoped23 predicts flexure-shear cracking as the shear stress causing a flexural crack, corresponding to a flexural tensile stress of 6~~to form at a section located distance d/2 from the section being investigated, plus a small stress, 0.6V f:, intended to represent the shear required to transform the initiating flexural crack into a fully developed fIexure-shear crack.
It is important to recognize that Eq. (11-11) for prestressed concrete beams is applicable to reinforced concrete beams subject to axial compression. However, the results would be expected to be conservative, because the shear stress required to transform an initiating flexural crack into a flexure-shear crack will usually be considerably greater than 0.6~~, Recent worl#4 has attempted to take this into account. It follows, therefore, that a similar approach applied to shear walls would be conservative. Web-shear cracking would be expected in a shear wall when the principal tensile stress at any interior point exceeds the tensile strength of the concrete. In an untracked rectangular section, the maximum shear stress due to a shear force, V, is:
At the occurrence of a principal tensile stress of 4~~on a section subjected to combined axial load, N, and shear, Eq. (3) becomes:
Eq. (4) can be closely approximated by: 25
Introducing into Eq. (5) the concept of nominal shear stress, v = V/hd, and assuming that the effective depth d, is equal to 0.81W, leads to:
where VOis the value of nominal shear stress expected to cause web-shear inclined cracking, The subscript u has been added to N to indicate total applied design axial load occurring simultaneously with Vu. Eq. (6), which is the same as Eq. (11-32) in ACI 318-71, will apply to most low-rise shear walls. In cases where the axial load, N,,, is small, the equation reduces to VO = 3,3Vfi Limitations due to the assumption of d = 0,81W are discussed later.
Flexure-shear cracking occurs when a flexural crack, because of the presence of shear, turns and becomes inclined in the direction of increasing moment, It is assumed that the flexure-shear cracking strength of a shear wall may be taken equal to the shear from a loading producing a flexural tensile stress of 6 w% at a section located a distance lw/2 above the section being investigated. For shear walls, an expression for the value of nominal shear stress expected to cause flexureshear inclined cracking is Eq. (11-33) of ACI 318-71:
The shear carried by the concrete therefore corresponds to the least value of v. computed from Eq. (6) or (7). However, the value of v. need not be taken less than corresponding values for reinforced concrete beams. Therefore, v. may be taken at least equal to 2 VT if N. is zero or compression, or 2 (1 + 0.002N./Ar) v= with N. negative for tension, as given in ACI 318-71. Fig. 3 shows a diagram of Eq. (6) and (7) as a function of the moment to shear ratio, Mu/VW, for selected values of axial compression, expressed as NJlwh, The upper horizontal portion represents the web-shear cracking strength, as given by Eq. (6) . The transition to the suggested minimum of 2 w% rep resents the flexure-shear cracking strength, as given by Eq. where =~= ratio of horizontal shear reinforcement ph~S hear reinforcement restrains the growth of inclined cracking, increases ductility, and provides a warning in situations where the sudden formation of inclined cracking may"lead directly to distress. Accordingly, minimum shear reinforcement is highly desirable in any main load-carrying member. In shear walls, the specified minimum reinforcement area of 0.0025 times the gross area of the shear wall, provides a shear stress contribution of about 2 VT to the strength of the wall.
For low walls, it is reasonable to expect that the horizontal shear reinforcement is less effective than indicated by Eq. (8) . However, the vertical reinforcement in the wall will contribute to its shear strength, in accord with the concept of shear-friction. 26 Because of insufficient test data to develop recommendations for walls with low height to depth ratios, the amount of vertical reinforcement required is equal to the amount of horizontal reinforcement when hw/lWis less than 0,5. When hJL is greater than 2.5, the required minimum vertical reinforcement area is 0.0025. Between hW/lWratios of 0.5 and 2.5, the required minimum is determined by linear interpolation, as expressed by Eq. (11-34) of ACI 318-71. The shear capacity of rectangular shear walls containing minimum shear reinforcement is plotted in Fig. 4 as a function of the moment to shear ratio, The curves have been plotted for a concrete strength, f,', of 5000 psi (350 kgf/cm2), and a yield stress of the horizontal reinforcement,~V,of 60,-000 psi (4200 kgf/cmz). The diagram shows that for these conditions, the minimum shear strength of low-rise walls is of the order of 5.4~, and that of high-rise walls is of the order of 4.1~.
Definition of nominai shear stress
In the design provisions, nominal shear stress is used as a measure of shear strength. Nominal shear stress, as defined by Eq. (11-31) of ACI 318-71, is given by:
vu """m 
Limitation on uitimate shear stress
A limitation on ultimate shear stress is generally considered to represent failure due to crushing of concrete "struts" in beam webs, For reinforced concrete beams, ACI 318-631a limited the nominal ultimate shear stress to 10W* There is some indicationz~that the shear strength of a beam without web reinforcement may decrease with increasing depth, Other testslo on beams with low a/d ratios indicate that the limiting shear stress may be less than 10~. However, the tests reported in this paper indicate that shear stresses up to 10~can be attained in walls with web reinforcement, even under load reversals. Attainment of shear stresses of this magnitude requires careful reinforcement detailing.
Comparison
OF DESiGN Provisions WiTH TEST RESULTS
The proposed design provisions for shear strength of shear walls have been compared with experimental results reported by Muto and Kokusho,2 Ogura, Kokusho and Matsoura~Ben-jamin and Williams,6!7Antebi, Utku and Hansen,~O and the PCA Laboratories.17 In the computation of nominal shear stress, the effective depth, d, was taken equal to the distance from the extreme compression force to the resultant of the tension *O was not included here, so that the value is comparable to stresses in ACI 31S-71. The two PCA test results plotted under the solid line are for specimens where the shear failure was observed to have been precipitated by loss of anchorage of the flexural reinforcement. The PCA test result marked with an R corresponds to the specimen subject to load reversals. Comparison of measured and calculated strengths in Fig. 6 indicates that the design provisions are satisfactory,
OTHER CONSIDERATIONS
In the development of design provisions for shear walls, the main emphasis was on evaluation of flexural and shear strength under static loadings. However, considerations of energy absorption, where earthquake resistance is required, and lateral stiffness are also important factors influencing the behavior of walls. Properly detailed reinforcement is also essential to obtain satisfactory performance,
Based on results of a recent investigation,zsjze Paulay has indicated that energy absorption and stiffness characteristics of a wall may be significantly improved if the shear reinforcement does not yield when the wall reaches its flexural capacity, The apparent reason for this is that the widths of the inclined cracks are restrained, thereby maintaining aggregate interlock across the crack, and doweling action of the main reinforcement, Paulay has suggested that the total shear in a wall subject to load reversals should be taken by shear reinforcement, This requirement appears reasonable where great energy absorption is required.
In cases where high ductility is essential, as may be the case in spandrels or piers, it may be desirable to physically divide the wall into two or more parts as suggested by Muto.s'JThis would have the effect of substantially increasing the M/V ratio of the wall elements thereby making flexure the predominant consideration. In any case, it is desirable to provide shear strength capacity in excess of the flexural strength.
The importance of careful detailing of shear walls must be emphasized. From experie~ce, many researchers have found it is sometimes difficult to apply. very large concentrated loads to walls, without experiencing local failures.
The possibility of tension in unexpected locations should also be given careful consideration. When beam action begins to break down due to the formation and growth of inclined cracks, particularly in deep members, the steel stress at the intersection of the inclined cracking and the flexural reinforcement tends to be controlled by the moment at a section through the apex of the inclined cracking. These stresses can be quite different from those calculated on the basis of the moment at a section through the lower extremity of the crack. Consequently, adequate anchorage of main reinforcement at force application points is essential,
CONCLUSIONS
Results of tests summarized in this paper indicate that flexural strength, as well as shear strength, must be considered in an evaluation of the load-carrying capacity of a shear wall. For use in design, the flexural strength of shear walls with height to depth ratios, hW/tw,of 1.0 or more can be satisfactorily predicted using Section 
APPENDIX
PCA investigation
In this investigation, thirteen large rectangular shear wall specimens have been tested under static combinations of axial load, bending, and shear. Six of the specimens, SW-1 through SW-6, represented walls in high-rise buildings,ls The remaining seven, SW-7 through SW-13, represented walls inlow-rise buildings. One of the low-rise shear walls, SW-13, was subjected to ten cycles of load reversals.
All test specimens were rectangular reinforced concrete members with a thickness h=3 in. (7,92 cm) and a depth ZW= 8 ft 3 in. (1,90 m), For convenience, the specimens were tested as horizontal cantilevered beams. However, in describing the specimens, reference is always made to the position of a wall in an actual building rather than its position during testing, Fig. Al shows the test setup for one of the high-rise walls.
Loading rods extending through the test floor were used to apply the simulated static lateral forces. Postten~ioning rods, running horizontally in the photo, were used to apply the simulated gravity loads. The portion of the specimen to the right of the support represents a foundation providing full restraint to the base of the wall, Shear wall specimens SW-1 through SW-6 represent the lower portion of a shear wall in a frame-shear wall structural system.zo!zl The height of the specimen corresponds to the distance between the base of the wall and its point of contraflexure. It was assumed that 50 percent of the total shear force at the base of the wall would be applied at the point of contraflexure. The remaining 50 percent was uniformly distributed between the point of contra flexure and the base of the wall.
Four of the six high-rise shear wall specimens SW-1, SW-2, SW-3 and SW-6 had a height of 21 ft (6.40 m), the other two, SW-4 and SW-5, were 12 ft (4.09 m) high, An axial compressive stress of about 420 psi (29,5 kgf/cmz) was applied, The main variable was the amount and distribution of the vertical reinforcement, Horizontal shear reinforcement equal to 0.27 percent of the concrete cross-sectional area was provided in each of the six specimens.
Six of the seven specimens representing low-rise shear walls, SW-7 throughSW-12, were subjectedto a single static lateral force applied at the top of the wall.
These specimens had a height, hw, equal to their de@h, L, of 6 ft 3 in. (1,90 m) . At the top of these specimens, the thickness of the wall was enlarged to simulate the effect of floor slabs framing into the shear wall. The enlarged section distributes the applied shear force along the top of the specimen. No axial compression was applied to these specimens. Variables investigated were the amount and distribution of vertical reinforcement and the amount of horizontal shear reinforcement.
The seventh of the low-rise shear wall specimens, SW-13, was subjected to ten cycles of load reversals. All of the characteristics of this specimen were similar to those of specimen SW-9 previously tested under static loads. The objective of the test was to evaluate the effect of the cyclic loading on the strength and behavior of low-rise shear walls. Tables Al and A2 summarize material properties, variables investigated and test results for all 13 specimens.
A summary of the results of the PCA investigation is presented in Fig. A2 in the form of bar graphs.
Comparison of test results for specimens representing
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high-rise shear walls SW-L SW-2, SW-3 and SW-6 showsthat 0.27percentof horizontalreinforcement,an amountconsideredto be nearly a practical minimum, is sufficient to develop the flexural strengthof walls with varying amounts and distribution of vertical reinforcement.
SpecimensSW-4 and SW-5 were designed to have the same flexural capacity as that of specimensSW-3 and SW-6. However,their height,h~, was less.For the appliedloads,the momentto shearratio,M./Vu, at section LJ2 from the base of the wall, was L for SW-4 and SW-5, and 21t0 for SW-3 and SW-6. Minimum horizontal reinforcement was again sufficient to develop nearly the calculated flexural strength, even though the shear stresses were substantially higher. This implies that a greater proportion of the shear was carried by the concrete at the lower Mu/Vu ratio.
In the group representinglow-rise shearwalls,specimens SW-7 and SW-8 also indicate that walls with minimumhorizontal shear reinforcementhave a high load-carryingcapacity.Comparisonsof specimensSW-11 and SW-12 with SW-7, and also SW-9 with SW-8, .r. -tOne-third of total vertical reinforcement concentrated within a distance h /10 from either extremity of cross section (amount of reinforcement in interior region p.w = 0.01).
$One-half of total vertical reinforcement concentrated within a distance 2s0/10 from either extremity of cross section (oflW = 0).
To convert to S1 equivalen~: 1 ft & 0,305 m; 1 psi = 0,0703 kgf/cmz. indicate that additional horizontal shear reinforcement will further increase capacity.
Comparisons of SW-8 with SW-7, and SW-9 with SW-12, show that the lateral load carrying capacity aIso increases with vertical web reinforcement. However, these observations are qualified somewhat by the observation that specimens SW-9, SW-11 and SW-12 did not fail in shear. In addition, at failure there was yielding of the vertical reinforcement in all of these specimens,
The ultimate shear stress of SW-10, a specimen with no horizontal or vertical web reinforcement, was 4.3 Vz.
Specimen SW-13 was subjected to a total of ten cycles of increasing levels of load reversals. Comparison of this specimen with SW-9, a physically similar specimen that was subjected to one-directional loading, shows no significant decrease in strength, Both of these specimens developed shear stresses of the order of 10 I f.'. Thispublicationis basedon the facts,tests,andauthorities statedherein.It isintended for the use of professional personnelcompetentto evaluatethe significance andlimitationsof thereportedfindingsandwho willacceptresponsibility for theapplication of the material it contains.Obviously,the PortlandCementAssociationdisclaims any and all responsibility for applicationof the statedprinciples or for the accuracyof any of the sourcesotherthanworkperformedor information developedby theAssociation. L   ?  I  I  :  I   I 
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